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13: ! ■ Polyhedral hydroborates can be made by the "B— H condensation" route. Show hbw^tKeSl 
general equation for this process applies to the synthesis of B 6 H§~ on page. 1012. NaB ri HSQ 
can be prepared by the "B— H condensation" method starting with either B 2 H 6 or B'£oP^8 
and other appropriate materials. Write a balanced equation to depict this synthesisfll 

14. Table 18-4 lists two carborane anions belonging to the nido series. Using the structural®! 
classification formulas developed earlier in the chapter, show that their nido classification^ 
is correct. 

15. It was said that the "dsd" mechanism in Figure 18-13 cannot account for the conversion?^ 
of meta-carborane.to ^^ra-carborane. Prove that this is indeed true! 

16. Tell what reagents would be used in the following reactions; 



HC 



CH PhPC 




B 10 H 10 



CI 
I 

CPPh 



PhP' 
C 



H 



O/ 



~PPh 




17. Write out a method for the synthesis of the following compound. 



Me 2 Si 

C 



R 

-N- 



~SiMe 9 



/ 




O/ 



B 10 H 10 

18. If the compound (/n 5 -C 5 H 5 )CoB 4 C 2 H 6 is to be prepared by the direct insertion method, 
with which carborane would one begin and what are the possible structures of the 
product? . r? 

19. Compounds 40 and 42 are synthesized by direct insertion into B 3 C 2 H 5 . Discuss the ;|| 
bonding in these compounds. (Hint: refer back to the discussion of bonding in 17.) 
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Until about fifteen years ago very few compounds having metal-metal bonds 
were known or confirmed, save a few bimetallic compounds such as the mercury(I) 
halides. Since then, however, numerous compounds having a bond between at least 



113 D. L. Kepert and K. Vrieze in "Comprehensive Inorganic Chemistry," J. C. Bailer, Jr., H. J. 
Emeleus, R. Nyholm, and A. F. Trotman- Dickenson, eds., Pergamon Press, New York (1973), Chapter 47 
in Volume 4. 

114 F. A. Cotton, Chem. Soc. Reus., 4, 27 (1975); Acc. Chem. Res., 2, 240 (1969). 
115 M. C. Baird, Prog. Inorg. Chem., 9, 1 (1968). 
116 R. B. King, Prog. Inorg. Chem., 15, 287 (1972). 

117 B. R. Penfold, "Stereochemistry of Metal Cluster Compounds," in "Perspectives in Structural 
Chemistry," J. D. Dunitz and J. A. Ibers, eds., John Wiley and Sons, New York (1968), Volume 2. 
118 P. Chini, G. Longoni, and V. G. Albano, Adv. OrganometaL Chem., 14, 285 (1976). 
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cluster R-cCo 3 (CO), (4) "mm Ynrt quadruple Re-R e bond, the 

with a triple Cr-Cr bond.*" or g an °metaUic chromium 

compound 43 



027 




Just like the boron hydrides metal rt„c^ 
structural types. As seen in W?8-?to ^riS^* j"*?** 1 aCC ° rdin S to 
wi h simple metal-metal bondsJth 0 £lS unbridged compounds 

gular, tetrahedral, and octahedral dusters A , ° m * 4 ~ as weU as 
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|dencient, and the ^ of$£&£££^^ m T?" DOt 
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wjfC&A* COMPOUNDS 



Si 

i 
i 

? 



^^The three main papers concerning the TRcCl p- inn ar , 
fffi^teg P ™ ation: R A - Cotton,- N. F Curtis B F r r u 

^ ' ' « CUm ' B " Johnso ^ a *<* W. R. Robinson, CW, 4, 



^?^^rr Ha ^ cw, 4, 



330 (1965). 



■f»f ' — --*^aa. ;| *rujfg. ^ 

■g^^uss^H^SS «»<»»»■ - 

K 0i °' d "~- D - "~ -2&fc W .3, 2540 <,„,, 
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TABLE 18-5 
METAL CLUSTERS 



?-.TABLI 



Cluster Type 



Compound 



I. Binuclear 
A. Homoatomic 

1 . Inorganic unbridged 



2. Inorganic bridged 

3. 77--Organometallic 
bridged 

4. 7r-0rganometallic 
unbridged 

5. a-Organometallic 
unbridged 



6. a-Organometallic 
bridged 



B. Heteroatomic 



II. Trinuclear 



III. Tetranuclear 

A. Four metal atoms 



B. Three metal 

atoms + one hetero- 
atom 

IV. Five-atom cluster 



[Re 2 CI 8 ]2- 

Mo 2 (NMe 2 ) 6 
Cr 2 (0 2 CCH 3 ) 4 - 2H 2 0 
[Mo 2 (S0 4 ) 4 ] 3 " 
ft 5 -C s H 5 ) 2 V 2 (CO) 5 

(7j 5 -C 5 Me 5 ) 2 Cr 2 (CO) 2 

(7]5-C 5 H 5 ) 2 Cr 2 (CO) 6 
Mo 2 (CH 2 SiMe 3 ) & 

Mn 2 (CO) l0 

Fe 2 (CO) 9 . 

(C 10 H 18 ) 2 Fe 2 (CO) 4 

(i? 5 -C 5 H5)Co(CO) 2 • HgCL 2 

(7 ? 5 -C 5 H 5 )W(CO) 3 SnMe 3 
Me 3 Ge— Mn(CO) 5 
[Re 3 Cl 12 ] 3 " 
Fe 3 (CO) 12 
H 2 Os 3 (CO) 10 



rt 5 -C 5 H 5 ) 3 Ni 3 (CO) 2 



[ft 5 -C 5 H 5 )Fe(CO)] 4 

H 2 Ru 4 (CO) 13 

H 2 Re 4 (CO) 14 



Co 4 (CO) 12 

Rh 4 (CO) 12 

lr 4 (CO) 12 
RC— Co 3 (CO) 9 



SCo 3 (CO) 9 
[M 2 Ni 3 (CO) 16 ] 2 " 



Structure/ Properties 



quadruple bond; Figure 

18-16 
triple Mo — Mo bond 
quadruple Cr — Cr bond 
quadruple Mo — Mo bond 



triple Cr — Cr bond 

single Cr — Cr bond 
triple Mo — Mo bond 

single Mn — Mn, D 2d sym- 
metry 

single Fe — Fe bond, three 

CO bridges 
Fe — Fe double bond with 

two Me 3 C-C=C-CMe 3 

bridges 
Co functions as a Lewis 



dark red, structure 48 
green-black, structure 50 
46 valence electrons; unsat- 
urated with apparent 
Os — Os double bond; 
OsH 2 Os bridging unit, 
green; triply bridging CO's 
on each side of metal tri- 
angle; paramagnetic 

dark green, structure 52 
red 

deep red; 58 valence elec- 
trons; unsaturated with 
two Re — Re double 
bonds 

black ] note color change 
with increasing 
metal weight; 
red 9 terminal CO + 3 
bridging CO for Co 
and Rh, all terminal 
yellow for Ir; structures 53 

and 54 
deep purple; all CO termi- 
nal; structure 55 

black 

(M = Cr, Mo, W) one of 
the very few 5-metal 
atom clusters; trigonal bi- 
pyramid with 3 Ni in 
equatorial plane 



Reference 



b 
c 
d 
e 



9 
h 



J 
k 



m 

n 

a 

a 

o 



a 

r 



s,t 



V 



.cr: ... 

It 



- ; .;.:V.: 



• VI. 
VII. 

VII! 











£ 




Iff-' 




ft 
















; -V 


ofthf 




bond 




vales 


(p. 


and 1 




Two; 




12 




12 




12 



TABLE 18-5 (Continued) 



METAL-METAL BONDS AND 



METAL CLUSTERS Dl02g 



Cluster Type 



V. Six-atom cluster 



Compound 



VI. Seven-atom cluster 

VII. Eight-atom cluster 

VIII. Nine-atom cluster 



CFe 5 (CO) 15 
Rh 6 (CO) I4 

0s *(CO) 18 

«Nb 4 Cl 12 )CIJi- 
CRh 4 (CO) 17 

fPt^co^^.co),]^ 



_____ft[ucture^Pr 0 p erties 

square pyramid of Fe(CO) 
units with carbide ion in 
square base; structure 59 
b'ack; 6 Rh(CO) 2 units in 
octahedral arrangement 
w.th 4 facial CO s. struc- 
ture 56 

bicapped trigonal prism of 
us 

de of P pK d; C 8t0m ln C ™*r 
of Rh 6 octahedron 

a c y be of Ni atoms with 2- 
electron Ni—N» bonds 
along each edge; a PPh 
''gand symmetrically caps 
each face; structure 65 
structure 58 



Reference 



aa 
bb 

cc 



dd 



a See text. _ _ 

*M. Chisholm, F. A Cotton Bap " " 

D. Adams' oTcoMins' M r c r ° Pa0, °- and A. E 7"ty X 5 C^ 5 ',, 95 ' (19?3 >' 
*K. Nicholas, L. S. Brav R F h • C/?e/ "' 286 (1 939) 

K«XM««l. K i;i*: •* C/ "»- S «. * 600 1.9691 
■SSd'w?* 1 * H ° W 1 F WW? t,f°"f C "~» **• •»: 2159 „,>„ 



sfe, F m - W m both cases the CI atoms 

J^^:ii9 a . • ' " '• . 

Epl^ R A ' K^ fc, 9, 346, 35, (]970) . 
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J 2 JY , ? 2 t + 4CH 3 C00- + 2H 2 O a 





[MojClg] 4 - + 4H+ + CH3COOH 



CH 3 

Figure 18-15. The preparation and chemical properties of [Re 2 CI 8 ] 2 - [Mo 2 CI 8 ] 2 -, and related com- 
pounds. References: a T. A. Stephenson, E. Bannister, and G. Wilkinson, J. Chem. Soc, 2538 (1 964). 
& J. V. Brencic and F. A.Xotton, Inorg. Chem., 9, 346 (1970). C F. A. Cotton and J. G. Norman Jr 
J. Amer. Chem. Soc, 94, 5697 (1 972). <*F. A. Cotton, N. F. Curtis, B. F. G. Johnson, and W. R. Robin- 
son, Inorg. Chem., 4, 326 (1 965). e F. A. Cotton, C. Oldham, and R. A. Walton, Inorg. Chem., 6, 21 6 
(1967). 'F. A. Cotton, W. R. Robinson, R. A. Walton, and R. Whyman, Inorg. Chem., 6, 929 (1 967). 
°f. A. Cotton and E. Pedersen, Inorg. Chem., 14, 383 (1975). 

are eclipsed, and (ii) both have a considerably shorter M— M distance [Re— Re = 
2.24 A and Mo— Mo = 2.14 A] than in the metals themselves [Re = 2.714A and 
Mo = 2.725 A]. Both of these features were recognized very early as being due to 
quadruple M— M bonds! To account for this, the following formalism may be 
adopted: The d x 2_^ orbitals on the two metals are utilized for bonding to CI" ions. 
This leaves four orbitals— d z z,d xz , d yz , and d xy — and the four electrons on each Re 3+ 
(d 4 ). The a bond between the metals derives from overlap of the d z 2 ao's, and the d xz 
and d vz orbitals form two tt bonds. Finally, overlap of the d xy orbitals on the two 
metals forms a 8 bond (Figure 18-16). The new result is a quadruple bond with a 
bond strength estimated at 300 to 400 kcal/mole! Although the 8 component is 
thought to be the weakest portion of the bond, it is of course just this component that 
dictates the eclipsed configuration. 127 ' 128 

The bonding scheme outlined above means that there will be a d z 2 LUMO (44) 



— (z) C 4 axis 




127 The bonding in the rhenium salt has been described in two papers' 

a. See ref. 119c. 

b. F. A. Cotton and G. B. Harris, Inorg. Chem., 6, 924 (1967). 

128 J. G. Norman, Jr., and H. J. Kolari, J. Amer. Chem. Soc, 97, 33 (1975). This is a complete mo 
calculation that confirms the results of the earlier, more qualitative calculations. 
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8CI~ + 2Re04 + 8H + + 2P0f~ d 



CI 



[Re 2 (SCN) 8 ]2 



8SCN- t 



CI 



CI 



Re 



CI 



R 

A 



Re 













si 


-Re 4 


f 1 


4 A aridlS 


I due tc 




may t>< 




"1" ions|lI 


ich Ref 




d the 


the t^^H 


onent|i 
lent tha 





il 



ci ci 

[Re 2 CI 8 ]2- 



(CH 3 CO) a Q« 
H8F 4 



* H 2 0-»Re 
CI 

o 



y 



CI 



CI 



Re<-H 2 0 



£j = -0.840 
SCE) ff 



[Re 2 CI 8 ] 



3- 



... * 



kl^*s diadduct is that the Mo— Mo h««H 5 1 ~ Y. The further significance of 

pnuch longer than the Mo-O bbnd (2 nSW^lft? ^°~ N ^WA? A) is 
na ^.116 A). 7 These facts suggest that the metals 

m^Z^L%^ aCid beh ^° r ° f ^Chapter 5,'p, 210), where a base can interact: with an 
130 p A. Cotton and J. G. Norman, Airier. Chem. Soc, 94, 5697 (1972) 



||9ure 18-16. (A) The structure 
M the [Re 2 CI 8 p- ion, and (B) a 
||ketch showing the. formation of a 
§P ond > n CRe 2 CI 8 ]2- by overlap of 
-.metal d xy orbitals, [Reprinted 
Permission from F. A. Cotton 
WMG. B. Harris, W<7. C/te/n.. 6, 
^24 (1967). Copyright by the 
™55?!? Chemical Society.] 




(Continued). 
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Fe(CO) 5 




Co 2 (CO) 8 
46 



[Co(CO) 4 ] 2 Sp 



[(T/ 5 -C 5 H 5 )Fe(CO) 2 ] 2 SnCI 2 (T? 5 -C 5 H 5 )Fe(CO)j Na+ 



(T] 5 -C 5 H 5 )Fe(CO) 2 l 



Na/Hg 



NaCo(CO) 4 



HgCI 2 



Hg[Co(C(^f 



Ph,SnCI 



(7? 5 -C 5 H 5 )Fe(CO) 2 -SnPh 3 



(T? 5 -C 5 H 5 )Fe(CO) 2 -Co(CO) 4 




.j^Howeve 
v&bpnd m 
glapparer 
|S bond le 
:f -discusse 
|§ligand-l 

5.:-. 

MTHREE 

Th] 
[|p contrast 
||;;;transitic 
~|| faces ar 
metals i 



Figure 18-17. Some reactions leading to the formation of metal-metal bonds 

prefer to maintain their strong interaction rather than trade off any bond strength for 
:■; a more "normal" Mo— N bond. This, of course, follows directly from the fact that it 
is a do mo that is occupied by the pyridine lone pairs. 

In general, there are probably more organometallic compounds having metal- 
metal bonds than there are of the type just discussed. More than likely this comes as 
a result of the fact that organometallic compounds are formed only by metals in low 
oxidation states, a factor that leads to greater net valence orbital availability as 
discussed earlier (p. 1027). Furthermore, at the moment there appear to be more 
straightforward synthetic methods available for organometallic compounds than for 
compounds such as the M— M bonded metal halides. For example, the organome- 
tallic coppounds 45 and 46 in Figure 18-17 may be cleaved with sodium amalgam to 
give their respective mono-metal anions, and these anions may then react with a metal 
nahde to give a host of unique compounds. 

In addition to organometallic compounds with simple a bonds between the same 
or different metals, there are those, with multiple bonds. For example, reaction of 
5-acetyl-l,2,3,4,5-pentamethylcyclopentadiene with Cr(CO) fi gives 43, 131 a green 
air-stable compound with a Cr— Cr triple bond 132 




1 

■ d 

m 

■ y< 

w 

- 5 



m 

".V' 



>- p 

^pX-ray . 
CiReClJ, 

iP^ nterest 
^ somew 

Bifably sh 

K length 

18^ atoms. 

it 



As might reasonably be expected, the Cr— Cr distance of 2.280 A in 43 is significantly 
shorter than the Cr— Cr bond distance in 47 (3.281 A), the latter clearly having only 
a single Cr— Cr bond. 133 5 y 



131 K. B. King and A. Efraty, /. Amer. Chem. Soc, 94, 3773 (1972). 
132 See ref. 123. 

133 R. D. Adams, D. E. Collins, and F. A. Cotton, / Amer. Chem Soc, 96, 749 (1974). 
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CLUSTERS tn 0 33 



g[Co(COj|j$! 



apparent conclusion that can be drawn from thf™ 5 f ° T the Mo analo S)- The 
bond lengths cannot always be relied upon to reflecf^^T »«al-metal 
discussed earlier, bond lengths are a 1! ! accurate ly the bond order- as 

ligand-ligand repulsions § compromise between attractive M — M forces and 

THREE-ATOM CLUSTERS 

contSt* S^Se e^ -anient. However, in 

transition metalsl even in clusteS with m^thanTh^^ f ?" ^ WabIe for 
faces are triangular just as in the boron hTL?, J metaI atoms ' the Polyhedral 
metals in a triangular arrangement £o™ a !r OUS C ?* tel conta ^8 three 
studied are [Re 3 Cl 12 ]3- its f e S v S a^oTe' fcnf "^f the D mOSt ^^cally 

The dark red fait of empiricarfo^ufaSlen 12 -, * ° S analo S s 

sequence of reactions: "4, iss r ormuia CsReCl 4 is prepared by the following 

2 Re + 5 Cl 2 2 ReCl 5 



ReCL 



ReCl, + Q, 



ReCV+ CsCl JH* CsReCl 4 

• interest is the Re-Re bond distance of 2 47 A n tht ! ^ f rUCtUral feature of 
fcojnewhat longer than the quadmpLlo^rR^ 1 ^^ compound. This is 
febly shorter than the simple single bond in X p % 9™ A) ' but U 15 consider- 
feehgth in 48 may be explLedX po S tula?in??^ R f (C ?V The Re ~ Re bon <i 
featoms. P y P° stuia «ng a double bond between the rhenium 




J|l"w r^ Urd ""'A Brimm ' W * S W-> 1. 180 (1939) 

pg£ uouase, Chen, 2, U66 (1963). 
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Photolysis of Fe(CO) 5 in glacial acetic acid gives excellent yields of golden^ 
yellow Fe 2 (CO) 9 , a compound having an Fe— Fe bond in addition to three bridging ' 
CO groups (49); 137 » 138 /' 1 



2Fe(CO) 5 ^ CO + 




and mild pyrolysis of this di-iron compound, or use of the following sequence of : 
reactions, gives the greenish-black compound Fe 3 (CO) 12 . 13 ? -b 

3Fe(CO) 5 + NR 3 + 2H 2 0 [R 3 NH][HFe 3 (CO) 11 ] + 2C0 2 + 2CO + H 2 
12[R 3 NH][HFe 3 (CO) lx ] + 18HC1 -» llFe 3 (CO) 12 + 15H 2 + 3FeCl 2 + 12R 3 NHC1 

Numerous speculations on the structure of this molecule fill the literature. However,^ 
the correct structure was finally obtained in 1966, and, not surprisingly, it displays the- 
triangular arrangement that is now known' to be most favored by three metal atoms 
(50). 140 ' ' 




50 Fe 3 (CO) 12 

Reductive carbonylation of RuCl 3 gives Ru 3 (CO) 12 , 141 



I 
1 

m 



6RuCl 3 + 9Zn + 24CO 



methanol 



* 2Ru 3 (CO) 12 + 9ZnCl 2 



7-- 




the structure of which is similar to that of its iron analog except that there are no 
bridging CO groups (51). 



137 W. L. Jolly, "The Synthesis and Characterization of Inorganic Compounds, " Prentice- Hall, 
Englewood Cliffs, N.J. (1970), p. 472. 

138 R. B. King, "Organometallic Syntheses, Volume 1, Transition Metal Compounds," Academic 
Press, New York (1965), pp. 93-98. 

139 W. McFarlane and G. Wilkinson, Inorg. Syn., 8, 181 (1966). 

140 R A. Cotton, Prog. Inorg. Chenu, 21, 1 (1976); see also C. H. Wei and L. F. Dahl, /. Amer. Cherru 
Soc, 88, 1821 (1966). 

141 M. I. Bruce and F. G. A. Stone, J: Chem. Soc. (A), 1238 (1967). 
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M 3 (CO) 12 compounds-Fe SSSTSSSTn' group Further, the colors of the 
trend tofess deeply c^^^^^SS^ SHS^*™** 8 the 
core and ligand-ligand repulsions the Rn ami rw ^ metals. Finally, owing to weaker 

than the iron clusfer ^StSS^St^^STZ ^ Str<>n8 ^ bonded 
For example, 1 ** * " y broken down in chemical reactions. 



Fe 3 (CO) 12 + 6L 



Ru 3 (CO) 12 + 3L 



3 OC— Fe^ 

I >C 
L O 



MeOH 



i 



o 

OC-Ru 




o 

Ru— CO 
L C 0 



L = Ph 3 P, Et 3 P 



Kmade^low^ generalization can be 

%have a total 3 11 valence elec^S - f ^^^r dUSterS are stable if they 
Ihgands. Thrtk ; if V Soun t uo toT a ? * ? SUP / bed by 11x6 three metaIs and 
pfvide by the iKffi? 1 "TS" of ;fJ ectrons applied by the ligands, 

§ ectrpns^uppheTby the me£l T^^Vi* TJP qUOtient the number <* 
fcuste, The'favorabfe Sat^S 5k" 
feach metal to form two metal-metal h™I ■ , m y be gamed b y requiring 
Jftong with those fer^tSS^^^JS ^ 1 ° UUined m Table 
Kunting rule works weU SSfk^ ^ t ° 1USterS - In generaI ' the eIect ™ 
fcorbiL meZS,^ s'een £low ^ ^ Iatter WiU re ^ e molecu " 

iSSSSsr 1 " r : presem some of the most 

p^. , P ies, ana research in this area is quite active, partly because it is thought 
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jj| 2 F. P laC e„ti, M. Bianchi, E. Benedetti, and G. Braca,./™* CW, 7, .815 (,968). 
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TABLE 18-6 

ELECTRON COUNTING IN METAL CLUSTERS 



Compound 


Structure 


Total Number of 
Valence Electrons 
(CO + M) 


Electrons per 
Metal Atom 


Number of M — M Bonds 
per M Atom Required 
to give EAN =18 


Cr(CO) 6 


octahedron 


12 + 6= 18 


18 


0 


Mn 2 (CO) 10 


two octahedra 


20 + 14 = 34 


1 7 


1 




connected by 










Mn — Mn 










bond 








Fe 3 (CO) 12 


structure 50 


24 + 24 = 48 


16 


2 


Co 4 (CO) 12 


tetrahedron 


24 + 36 = 60 . 


15 


3 




(structure 53) 








[Co 6 (CO) 14 ] 4 - 


octahedron : 


28 + 54 + 4 = 86 


14.33 


(see text) 




(structure 60) 







that such clusters may resemble metals themselves and thereby offer an opportunity 
to study, after a fashion, reactions at metal surfaces. 143 

If Fe(CO) 5 is heated with dicyclopentadiene for several hours, an excellent yield . 
of the purple metal-metal bonded compound (7] 5 -C 5 H 5 ) 2 Fe 2 (CO) 4 is obtained (Figure 
18-17). However, if this compound is refluxed for an additional two weeks(!), the 
green-black tetrahedral cluster [(7j 5 -C 5 H 5 )Fe(CO)] 4 (52) is obtained, 144 and this 
compound has several interesting features that can be used to illustrate general 
aspects of metal clusters. 




52 [(7j 5 -C 5 H 5 )Fe(CO)j 4 



143 M. Primet, J. M. Basset, E. Garbowski, and M. V. Mathieu, J. Amer. Chem. Soc, 97, 3655 (1975); 
H. D. Kaesz, Chemistry in Britain, 9, 344 (1972). 

144 R. B. King, Inorg. Chem., 5, 2227 (1966). 
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in 



L(7? c sH 5 )Fe(CO)] 4 m acetonitrile; 0.1 M tetrabutvl 
ammonium hexafluorophosphate used asTuppo^ 
-ng electrolyte. Potentials measured at a Pt e!ecCe 

mepVnUr>H S ° dfUrn Ch '° ride calomel rtS?/ 
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from an mo that is essentially non-bonding or weakly antibonding, a suggestion -§| 
confirmed by a simple mo approach. 147 " 149 

One other feature of [(7j 5 -C 5 H 5 )Fe(CO)] 4 is the triply bridging CO group, a form of 
bonding often found in metai cluster chemistry. As is usual for bridging CO ligands 
(Chapter 16), the more metals with which a CO group interacts, the lower will be the 
range within which the CO stretching frequency is found. In this particular case of 52, 
v co is 1620 cm" 1 , one of the lowest ever observed. 

Cobalt, rhodium, and iridium form a structural well-defined series of compounds 
with the general formula M 4 (CO) 12 . 150 This series also illustrates some general 
features of cluster chemistry. The black cobalt cluster 53 can be prepared by warming 
(slightly above room temperature) the commercially available, red, metal-metal 
bonded dimer Co 2 (CO) 8 . You will recall from Chapter 16 that the color change from 
red to black is typical of metal carbonyls: the greater the number of metals in the 
molecule, the deeper the color. 



2Co 2 (CO) 8 




53 Co 4 (CO) 12 

The kinetics of the thermolysis of Co 2 (CO) 8 have been studied, and the rate law 
suggests that the coordinatively unsaturated species Co 2 (CO) 6 is formed rapidly by 
loss of CO . from Co 2 (CO) 8 , and then, in a slow step, Co 2 (CO) 6 dimerizes to the ob- 
served cluster. 

Red Rh 4 (CO) 12 or yellow Ir 4 (CO) 12 can be made by reductive carbonylation 
reactions such as 



RhCL 



•*H 2 0 



CO 



[Rh(CO) 2 Cl] 2 



CO, 200 atm ^ 
Cu 



Rh 4 (CO) 12 



As was also pointed out above, it is another characteristic of metal clusters that those 
of the first transition series are most deeply colored. In changing from black (Co) to 
red (Rh) or yellow (Ir), the M 4 (CO) 12 series again illustrates this trend. 



149 This mo treatment is essentially confirmed by a recent Mossbauer study of the neutral and 1 + 
[(7j 5 -C 5 H 5 )Fe(CO)l 4 clusters. R. B. Frankel, W. M. Reiff, T. J. Meyer, and J. L. Cramer, Inorg. Cherru, 
13, 2515 (1974). 

150 See ref. 116. 
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55 Y-CCo 3 (CO) 9 
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represent a large and thoroughly studied class, of organometallic compounds. 151 : 
Many can be prepared in high yield by reaction of Co 2 (CO) 8 with geminal trihalides 



such as CI— CCL 



and G1 3 C- 



-COOR. 152 



Go 2 (CO) 8 + C1 3 C— R R — CCo 3 (CO) 9 



The resulting GCo 3 cage complexes are usually quite stable to atmospheric oxidation 
and the compounds are highly colored, most often purple or deep brown-purple. The 
cage is generally considered electron-withdrawing with respect to the apical Y group, 
and, as in 52, there is experimental evidence for electron derealization within the 
cage. 152a 

The reactions of the apical carbon in 55, and of groups attached to it, are 
certainly not ordinary, as they are strongly influenced by the severe stereochemical 
constraints arising from the equatorial CO groups that make flank-side attack 
difficult; backside attack at the apical carbon is, of course, impossible. In fact, it is 
apparently because of these stereochemical constraints that the simple acid-catalyzed 
hydrolysis of (OC) 9 Co 3 C— COOR esters does not occur. Instead, hydrolysis to give' 
(OC) 9 Co 3 C — COOH may be accomplished only by dissolving the purple ester in 
concentrated sulfuric acid. 153 By analogy with the known organic chemistry of highly 
hindered carboxylic acids, it is presumed that this reaction proceeds through an 
intermediate acylium ion, (OC) 9 Co 3 C— C=0 + . This fact was substantiated by the 
finding that the acylium ion (after having been isolated in the form of its PFg salt) 
could react with a host of different nucleophiles (among them water to give the 
carboxylic acid), as shown below. 154 



H 5 0 



(OC) 9 Co 3 C— COOR 
• |h 2 so 4 

(OC) 9 Co 3 C— c=o 

|aici 3 
. (OC) 9 Co 3 C— CI 



ROH 



RNH 2 



RZnX 



(OC) 9 Co 3 C— COOH 



» (OC) 9 Co 3 C— C0 2 R 



-> (OC) 9 Co 3 C— CONHR 



^ (OC) 9 Co 3 C-C(0)R 



Fe 



» (OC) 9 Co 3 C— CO 



Fe 



FIVE- AND S/X-ATOM CLUSTERS 

Numerous clusters containing five or more metal atoms in the cage are known. 
For example, there are more than 50 clusters based on metal carbonyls: neutral 



151 See ref. 122. 

152 D. Seyferth, J. E. Hallgren, and P. L. K. Hung, /. Organometai Chem., 50, 265 (1973). It is 
unfortunate that the mechanism of this interesting synthesis is not yet known. 

152a J. Kotz, J. V. Petersen, and R. C. Reed, /. Organometal Chem., 120, 433 (1976). 

153 D. Seyferth, J. E. Hallgren, and C. S. Eschbach, / Amer. Chem, Soc, 96, 1730 (1974). 

154 The acylium ion may also be generated by reaction of the readily available (OC) 9 Co 3 C— CI with 
AICI3. D. Seyferth and G. A. Williams, J. Organometal Chem., 38, Cll (1972). 
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56 Rh 6 (CO) l( 




57155 [Ni 5 (CO) 90l2 -CO) 3 p- (Cfc ) 
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o— o 



— — / p 











Pt 
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Sed ThC ^^^^gnates a bridging ligand, and the subscript indicates 



the number of metal atoms 
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o— o 



59 Fe 5 (CO) 15 C 

Cobalt carbonyl clusters are among the more thoroughly studied of the larger 
clusters. As seen in the following scheme, a key species is the yellow-green anion 
[Co 6 (CO) 15 ] 2 . This anion can be obtained by reduction of the previously discussed 
Co 4 (CO) 12 cluster (53) or better by heating an ethanolic solution of 
[Co(EtOH)JfCo(CO) 4 ] 2 in vacuo. Reduction of the [Co 6 (CO) 15 ] 2 - anion or direct 
reduction of Co 4 (CO) 12 gives the deep red species [Co 6 (CO) 14 ] 4 " (60). 156 



[Co(EtOH) x ][Co(CO) 4 ] 2 




[Co 6 (CO) 15 ]2- 

yellow-green 




Co 4 (CO) 12 
black 



Co 6 (CO) 16 



+ reducing 
agent 




[Co 6 (CO) 14 ]*- 

red 




[Co 6 (CO) 6 ) M3 -CO) 8 ] 4 -( 1 S 6 ) 



156 See ref. 118. 
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The mode of bonding in clusters such as rCn rrn\ 14- 1 
ble interest. As indicated in Table 18 6 M H»£ )lJ attract ed considera- 
valence electrons, and bonding can be aSo^itHv characteri *ed by 48 total 
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within the cage is quite delocalLed and Z SS2n 1 * Su ^ ested bonding 
metrically equivalent borane^mpSnds analo 8 ous to that of the stoichio? 

written alternatively as [(CoCoTFcS H% J P , reSent CaSe ' rCo 6 (CO) 14 ]4- ( or 
orbital diagram forwhich was S in F^TisTa V^P'** ^-ular 
can be built for the cobalt cluster by i7c^inf7h Jfu r> ^ SUmlar mo scheme 
enao hao of each boron, ^C^^^^^^^ 
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M 6 da ao 




B 6 pa hao 
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_ M «* ao B 6 ^ao 
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. Although- it is accelerating because of interest in the area, the publication of 
research on metal clusters is slow. This is largely due to the difficulty of the synthesis; 
separation, and structural characterization of clusters. Thus, relatively little has yet 
been done in a systematic way regarding their chemistry, aside from examination of 
such basic processes as 160 

■ .£•' oxidation.' [IJ"g(CO)2gJ^ — -f- 2H"*" .+ CO. 4-* Irg(CO)^g -J- U 2 
reduction: ^[^(CO^f- + 2Li.-^; 3[Pt 6 (CO), 2 ]2- + 2Li+ 
ligand substitution (which frequently occurs with cage degradation): 

Rh 6 (CO) 16 + 12PPh 3 3[Rh(CO) 2 (PPh 3 ) 2 J 2 + 4CO 

Just as the heavier metals at the left of the transition metal series form binuclear 
halide complexes with metal-metal bonds, these same metals form larger clusters. 
Two of the best known are those based on the octahedron: [Mo R CLl 4+ (61) 161 and 
[M 6 X 12 f + (M = Nb, Ta; X ~ F, CI, I; n = 2,3,4) (62)^,163 




o 



— M 



= X 




M fi X ; 



8 (e.g., Mo 6 Cl| + ) 

61 



M 6 X 12 (e.g., Nb 6 Cl5+) 

62 



These also present a problem regarding a description of their bonding. If the halide 
ions are removed from the clusters, a core of the type MoJ 2+ or Nb* 4+ remains. In the 
case of MoJ 2+ , the cluster is composed of Mo 2+ ions just as in [Mo 2 Cl 8 ] 4 ~, which was 
discussed earlier. This means that there are 6 X 4 = 24 electrons available for cluster 
bonding in MoJ 2+ ; if all 12 pairs occupy bonding mo's, there is a net of one electron 
pair for each Mo— Mo pair, and each Mo may be considered to be bonded to its four 
nearest neighbors by localized two-electron bonds. In the Nb£ 4+ core, however, there 
are 6 X 5 -14 = 16 electrons or only eight pairs for cage bonding. Thus,' as in 
[Co 6 (CO) 14 ] 4 , there is a deficiency of electrons and an "edge-bond" description is not 
appropriate. It is best to resort again to mo methods. 

A more detailed mo approach to bonding in M 6 clusters such as [Nb 6 Cl 12 ] 2+ is 
outlined in an Appendix to this chapter. The most important result of this 
approach is that dd ao's are present at each vertex (63 and 64). That is, metal d x 2_ 2 





views of M h cluster 
from a vertex 



64 



160 See ref. 118. 

161 J. G. Sheldon, /. Chem. Soc, 1007, 3106 (1960). 

162 F. W. Koknat and R. E. McCarley, Inorg Chem., 13, 295 (1974). 

163 B. G. Hughes, J. L. Meyer, R B. Fleming, and R. E. McCarley, Inorg. Chem., 9, 1343 (1970). 
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we would emphasize that we have by no means covered the topic of molecular 
polyhedra completely. Perhaps arbitrarily, we have chosen to restrict ourselves to 
those compounds in which metal-metal bonding is a virtual certainty. However, there 
are many other molecular polyhedra that do not involve metal-metal bonding and yet 
have interesting and important properties. For example, compound 66 has been 
described as a model for iron-sulfur proteins, and it will be discussed in considerably 
more detail in the next chapter on biochemical aspects of inorganic chemistry. 

' In general, it is certain that molecular polyhedra will come more and more to the 
attention of the chemical community as practical uses for them continue to be found. 




Ph 

®= Ni @ = P 

65 NigCCO^-PCfiH^ 




66 • [Fe 4 S 4 (SC 6 H 5 ) 4 ]2- 
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